Abstract: Seismic stratigraphy based chronostratigraphic (SSBC) analysis of the Serbian Banat region allows the delineation of the spatial and stratigraphic relationships of the generally regressive and shallowing upward Neogene depositional fill of a tectonically unstable central portion of the Pannonian Basin. When geometrically restored in time and space, the sediment dispersal directions, sediment source directions, types of sedimentation breaks and the tectonic events influencing basin evolution can be delineated. For such an analysis the timetransgressive lithostratigraphic units used in the neighbouring Hungarian part of the Pannonian Basin are conveniently introduced based upon their characteristic seismic facies and constrained borehole log records as mappable seismic stratigraphic sequence units, termed "seismic operational sequences". The respective Neogene stage and operational sequence equivalents (Hungarian lithostratigraphic units or formations) are the Middle Miocene (Badenian, Sarmatian), Upper Miocene-Lower Pliocene (Pannonian-Endrod and Szolnok Formations; Pontian-Algyo and Ujfalu Formations and Lower Pliocene-Zagyva Formation) and Upper PlioceneQuaternary (Nagyalfold Formation). SSBC analysis greatly assists in the geological constraint or "geovalidation" of interpreted seismic stratigraphic relationships and provides potentially critical insight into stratigraphic and structural problems of non-unique interpretations. In the specific case, using such an approach on previously unpublished regional seismic lines, SSBC analysis reveals that the Banat region has undergone structural inversion. This may be related to changes in local stress directions along strike slip faults, which initiated in earliest Late Miocene (Endrod Formation), culminating in the reverse tilting and incipient shortening of the western graben. Therefore during the time interval that the Badenian through Endrod sediments were deposited in the graben, autocyclic progradation initiated from the Kikinda Szeged High in the East followed by Szolnok, Algyo, Ujfalu and younger units prograding from the West as the central high uplifted relative to the graben. Such tectonic inversion has substantial hydrocarbon potential implications for exploration in the region.
Introduction: Problem Definition
Stratigraphy is a foundational geoscience that is multifaceted in its application within and between sedimentary basins, including time-correlation of rock units, their paleoenvironmental interpretation, the inference of Earth paleoclimates and the analyses of sedimentary cycles or sequences. Principle tools include paleontology, paleoecology, sedimentology, paleomagnetics to trace elemental and isotopic analyses and borehole and seismic sequence stratigraphy. A seminal work which reviews modern concepts of sequence stratigraphy is that of Catuneanu, [1] . However, when the investigative basin is a frontier basin in which fossils in the borehole samples are scarce to nonexistent or borehole control is relatively sparse, such as the Serbian portion of the Pannonian basin, lithofacies correlation, though foundational, is largely a presumptive tool of time correlation. However, if there exists moderately good reflection seismic, together with cursory borehole constraints, a powerful potential tool of sequence stratigraphic correlation is that of seismic stratigraphic based chronostratigraphy (SSBC), the approach utilized here for the Serbian portion of the Pannonian Basin. The Pannonian Basin extends approximately 600 km from East to West and 500 km from North to South, excluding the associated Transylvanian and Vienna Basins. Geologically, the Pannonian basin lies within the Alpine mountain belts of East-Central Europe and is bounded by the Carpathian Mountains to the North and East, the Southern Carpathian and Dinaric Alps to the South, and the Southern and Eastern Alps to the West (Figure 1) . Geographically, the Pannonian Basin lies mostly within the confines of Hungary, Croatia, Romania, and Serbia but also occupies portions of Austria, Slovakia, Ukraine, Bosnia and Herzegovina, and Slovenia. The Neogene Pannonian Basin has been of interest to stratigraphers, sedimentologists and paleontologists for decades, and not surprisingly, such attention has generated controversy from each who view the Basin from their particular geographical perspective. It is important to note that at present there exists great debate between stratigraphers who work the Pannonian Basin outside of Serbia with respect to both the definition and agreement of the timing and lithologic composition of these formations [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is therefore with some trepidation but with a well-intentioned singular purpose that this paper will attempt to offer new seismically obtained insight into this stratigraphic problem from a Serbian Northern Banat perspective. Figure 2 illustrates the essential paradox of the stratigraphic problem. The majority of formations (e.g. Endrod, Algyo, Zagyva Formations, etc.) are time transgressive, ranging from Miocene to Pliocene in assumed age, depending upon where in the basin one follows the formations. The importance of resolving this stratigraphic issue is not purely academic. Active hydrocarbon exploration in the region requires resolution of the time component of these strata in order to model accurately the evolution of the petroleum systems. Fortunately, hydrocarbon exploration in the Pannonian Basin has resulted in an enormous amount of data about the structure, sedimentary fill and insight into its structural development. Unfortunately, many important results from the Serbian portion of the Pannonian Basin, including the Northern Banat region, have regretfully remained unpublished. Consequently, in order to shed light upon the subsurface stratigraphy, this paper will address a stratigraphic interpretation of the Northern Banat area integrating subsurface geology with reflection seismic in the SSBC approach.
Data and Methods
The stratigraphic model of the Northern Banat area incorporates data from borehole cuttings, cores, petrophysical logs, paleontological-petrological-sedimentological analysis, and importantly, seismic reflection lines courtesy of the Serbian National Oil Company. The two stacked seismic lines (locations shown in Figure 3 ) which intersect at well X-3 are Seismic Line 1 which is oriented EastWest and Seismic Line 2 which is oriented North-South. For those sediment thicknesses below seismic resolution (reflector tuning thickness of approximately one quarter wavelength which for the lines is approximately a lower limit of 10m), borehole-derived data is utilized. This point of resolution and interpretation is rather crucial both for [19] . Observe the time transgressive nature of the poorly age-defined lithologic-based formations.
seismic interpretation and for the subsequent SSBC. If one cannot resolve a unit based upon the seismic image and if that unit appears to seismically pinch out or become eroded at distance from a constrained borehole, then that unit is for all sense and purposes absent in that spatial position.
The seismic stratigraphic interpretive procedure occurred in two major interpretive iterations or passes. The first pass interpretation of Northern Banat was conducted from conventional seismic stratigraphic interpretations on the two seismic lines listed above (procedures detailed in Section 4.2).
Geovalidation of the seismic interpretation of these regional lines was facilitated by 19 key wells for which reflectors could be tied to the observed formations. But as the wells are limited in their lateral extent, for rapid changes in lateral facies geometries, stratigraphic uncertainty still remained. Therefore, for the second pass, as these seismic lines are regional (∼35 km) and reveal more than one depositional potential energy staging surface (positions in space where clastic material is temporarily stored until remobilized and transported eventually to the lowest potential energy surface: i.e. the basin depocenter) along depositional dip, these lines are especially suitable for performing dip-oriented chronostratigraphic analysis. That is, since lateral seismic facies changes (essentially time correlative) caused by changes in geological facies are frequently rapid along sedimentological dip, a lateral dip-fed sequence of facies is more amenable to the generation of hypotheses of causal depositional systems than a similar facies sequence along depositional strike. Therefore, the consequent chronostratigraphic analysis forces the seismic interpreter to go beyond simple physical stratal correlations, to ask questions which might not have been asked previously, and to provide potentially dynamic temporal insight which can be tested further as to its geological reasonableness (see Appendix -and Figure 13 and 14) , until finally geovalidated from the borehole.
Geologic-Tectonic Setting of the Pannonian Basin, Serbian Emphasis
Though the exact timing remains an unresolved discussion from differing geographical perspectives, the basic elements of the Pannonian Basin's tectonic evolution are well-established regionally. Prior to the development of the Pannonian Basin, the assembly of the underlying basement from Carpathian convergence ended sometime before 12 Ma [11] . The first syn-rift extensional phase is documented by early Miocene subsidence and sedimentation [12] [13] [14] [15] [16] . This extension was also synchronous with the major extension of two microcontinents: ALCAPA and Tisza. Additionally, for the southern part of the basin, these Miocene sediments unconformably overlie a strongly tectonized Paleozoic-Mesozoic basement of magmatic, metamorphic and sedimentary rocks, the ALCAPA and Tisza terranes. During the Middle Miocene, the Central Paratethys was dominated by marine facies belts separated by areas of erosion or non deposition. The end of the syn-rift phase (Middle Miocene) is characterized by a regional unconformity. The first early post-rift event of basin inversion took place during the Sarmatian [17] resulting in a widespread pre-Pannonian unconformity, followed by a period of relatively slow thermal subsidence [12] , coupled with uplift and erosion of the surrounding Alpine-Carpathian-Dinaric mountain belt. This event supplied huge amounts of sediment via large fluvial to deltaic systems into Lake Pannon [3, 5, 6, 18] , resulting in the accumulation of post-rift sedimentary successions several thousand meters thick. The Middle/Upper Miocene ? boundary is marked by a major regression which isolated the Central Paratethys from the sea, transforming it into a large, long-lived, brackish water body of Lake Pannon [19] . The cause of this regression is still highly debated. The three main hypotheses are: eustatic sea level lowering [20, 21] ; local tectonic events in the Carpathians and Dinarides [22] causing autocyclic deposition, or intraplate stress [23] . These questions concerning the origin of the boundary give rise to what we term for this investigation the first dilemma, or The Stratigraphic Sequence Dilemma: Is the boundary caused by autocyclic (intra-basinal mainly depositional) or allocyclic (extra-basinal mainly glacialtectono eustatic) processes? The relative sea level fall (or from a basin perspective of the preserved sedimentary record, a relative decrease in vertical accommodation space) at the end of the Sarmatian subaerially exposed large areas of the central part of the Central Paratethys basin which evaporated almost completely with only small, scattered patches of the originally thin Sarmatian deposits escaping complete erosion [19, 24] . Lake Pannon formed as a separate depositional system with low salinity waters [25, 26] . Lake-level rise during the Pannonian inundated previously emerged regions. Progradation of deltaic clastic systems, shallowing, and finally infilling of the basin during latest Miocene -Early Pliocene was probably caused by deceleration of basin subsidence. During Mio-Pliocene times, and more intensively in the Quaternary, another compressive phase took place in the Pannonian Basin [27] [28] [29] . The renewed crustal shortening resulted in the reactivation of former extensional faults as reverse faults, and gentle folding of the overlying strata [30] as a thin-skinned response. These geodynamic theories of Pannonian Basin activities give rise to what we shall describe as the second dilemma, or The Structural Sequence Dilemma: Did the North Banat Graben shown in Seismic Line 1 fill first from the East or from the West and when did the North Bačka High horst, shown on Seismic Line 2, rise?
The Pre-Neogene basement of the northern Banat of Serbia, is tectonically bounded by the Trans-Banat-Bačka Dislocation belt, a complex E-W striking, regional dextral strike-slip fault zone that presently separates two major tectonic units in the pre-Neogene basement: the Vardar zone and the Tisza-Dacia block to the south and north, respectively [31] . West of the Tisza River, the area is bordered by the North Bačka High with pre-Neogene basement at depths between 500 to 1000 m below the surface. It is an isometric plateau formed during younger Miocene tectonic events. Constructed from the two regional seismic lines used in this study as well as others unavailable for publication, the major Neogene structural elements of Northern Banat are shown in Figure 3 . This structure map reveals the North Banat and Mako Grabens to be bounded by NW-SE to N-S striking normal faults with the pre-Neogene basement downthrown to a depth between 3000 and 4000 meters with the relatively elevated (2000 m) Kikinda-Szeged High which trends NE-SW.
Observations and Interpretations

Insight from Borehole stratigraphy and Tectonic Subsidence Analysis
When integrated, the borehole and seismic stratigraphy begin to lay a more accurate time-rock foundation for Northern Banat. The borehole stratigraphy reveals that the Neogene sediments are floored either with Paleozoic or Triassic strata (Figure 3 ). The paleorelief is shallowest in the West where the basin floor is represented by Triassic clastics, and sinks toward the East. The deepest part is in the north-eastern part of the area of this investigation. On the depth structure map (Figure 3) , the presence of the North Banat graben and surrounding highs are clearly expressed. Interestingly and of later tectonic significance, note the asymmetry of the graben. Such asymmetry with a warped floor is typical of strike slip grabens undergoing tectonic inversion which are the result of episodic movements adjusted to changes in regional and local stress fields [32] . Such asymmetry and the onlap geometries on both flanks of the North Banat Graben reintroduces both dilemmas described previously: The Stratigraphic Sequence Dilemma: Did the graben fill initially from the east or from the west, as well as the Structural Sequence Dilemma: If from the east, when was the structural inversion initiated and with what consequence? To answer these questions and the associated tectonic-sedimentologic implications, it is instructive to commence with observations from 1-D tectonic subsidence analysis of the deepest well encountered, X-5, (which is a central window into the surrounding Northern Banat basin history) and then observations in detail of the basin fill episodes from the other wells and seismic line interpretations.
Both the burial history and tectonic subsidence are illustrated in Figure 4 . While a burial history curve reveals the cumulative basin subsidence at one borehole's loca- tion, removing the effects of sediment and water loading and correcting for compaction, paleowater depths and a global sea level datum reveal changes in the basin tectonic development as is indicated by the blue line see [33] , for construction procedure and detailed theory). Steep negative tectonic subsidence gradients generally indicate dramatic crustal extension or rifting associated with basement faulting, gentle positive gradients reveal episodes of subdued thermal dominated subsidence, and positive gradients indicate tectonic uplift accompanying crustal shortening see [34] . For this deepest borehole (X-5) in the North Banat graben, two important observations may be made. First, for the Neogene of the Northern Banat region records a subsidence history that generally fits an overall Pannonian basin evolutionary scheme, such as that of other workers cited recently by Juhasz et al. [35] , but with pulses owing to changes in local crustal stresses. Second, the stepped pulses initiate with Endrod Formation deposition and then begin to decrease during Zagyva Formation deposition. Within this context the following regional tectonic synthesis which is summarized in Table 1 may be made.
Post Rift Gentle Downwarping of -Badenian and Sarmatian Sediments
The borehole stratigraphy reveals that the distribution of Badenian sediments is extensive in the Northern Banat, transgressively overlying either metamorphic and mag- The usual thickness of these sediments is a few tens of meters. As the core material from these sediments is limited, their relative dating is conducted by lithologic well log correlation.
The Lower Badenian is represented by clastics, carbonates and volcano-clastic sediments. Clastic sediments are consisted of breccias and sandstones. They often show an increase in the carbonate (micrite) fraction in which rare shallow water benthic foraminifera (Heterostegina, Amphistegina, Elphidium, Cibicides), detritus made of mollusks and cidaroids, and rare fragments of corallinacean algae and bryozoans are found. Carbonates are represented by shallow water limestones rich with fossils characteristic of reef complexes (Lithothamnium, Lithophylum, bryozoans, big benthic foraminifera, mollusks, cidaroids etc). Synchronous with this deposition were deep water limestones with numerous pelagic foraminifera: Praeorbulina glomerosa circularis, Orbulina suturalis, Globigerinoides bisphericus, G. trilobus, G. quadrilobatus, Globigerinopsis grilli, Globigerina praebulloides, Globigerina bulloides, G. concinna. Volcano-clastic sediments that are present in some wells in Northern Banat (but not in the wells which are present on the two seismic lines) are chiefly tuffs and tuffites. For those boreholes present on our seismic lines Lower Badenian sediments range between 14-70 m in thickness except in wells X-5 and X-12 where they reach over 170 m in thickness.
Middle and Upper Badenian sediments are much less present in northern Banat and they are represented with sandstones and mostly with limestones.
In comparison with the Badenian sediments, the Sarmatian is less prevalent in the Northern Banat area. These sediments are usually deposited over metamorphic and magmatic rocks, rarely over Badenian sediments, and are typically thin (usually less than 50 m). Pannonian sediments always overlie the Sarmatian [36] revealing a regressive trend. Sarmatian sediments are represented by clastics (which sometimes extend beyond the limestones), limestones (biosparite, intrasparite, biomicrite), which are more or less detritial, and marls. Clastics are represented by fine to coarse-grain, conglomeratic and/or breccia sands (mainly arkose), conglomerates, conglo-breccias and breccias. These sediments are rich in fossils, such as Quinqueloculina longirostra, Q. hauerina, Q. akneriana, Elphidium aculeatum, E. crispum, E. antoninum, E. josephinum, E. hauerinum, Porosononion granosum, Triloculina consobrina, T. austriaca, T. inflata, Aurila notata, which indicates Sarmatian age. Also, various brackish molluscs were found, e.g. Mactra sp., Ervilia sp., Modiolus incrassatus, Irus gregarius, I. vitalianus, Cardium sp., Pirenella pieta, Calliostoma sp., Gibbula sp., Calliostoma conitesta, Hydrobia frauenfeldi, Dorsanum sp. Sarmatian sediments are documented at wells X-11 and X-14 and are very thin (up to 8 meters). These sediments are also confirmed in nearby wells X-17 to X-19 which are not present on the seismic lines. Wells X-17 to X-19 bottom in Upper Miocene sediments, but the other wells on this structure confirm the presence of Sarmatian sediments. Sarmatian sediments were deposited in a shallow marine environment with their distribution probably greater than evident at present in the boreholes owing to erosion.
The predominance of shallow water marine carbonates and the relative absence of clastics strongly suggests that at this early time in its evolution, Northern Banat was a shallow platform that was either substantially distal from any significant clastic source or physically barricaded from clastic input. That the basin underwent slow subsidence at these times when other regions of the Pannonian Basin were still witnessing rifting, albeit diminishing [35] , may suggest that the gentle deepening was less a cause of crustal attenuation and more the result of tectonic flexure from nearby mountain loading.
Post Rift Late Miocene -Pliocene Tectonically Pulsed Pannonian
The Middle Miocene post-rift sediments are unconformably overlain by the much thicker Upper Miocene -Pliocene succession representing the post-rift stage of Pannonian Basin evolution which here in Northern Banat reveals pulses of subsidence with intermittent uplift. The sediments range in thickness from 593 meters at the apex of wells X-1 to X-3 to more then 2100 meters at wells X-17 to X-19. Environmental changes between the Middle and Upper Miocene sediments are reflected by the disappearance of marine biota and the diversification of endemic mollusc, ostracod and dinoflagellate species [37] .
The Upper Miocene -Pliocene sediments in the Serbian oil industry are traditionally subdivided into the Pannonian, Lower and Upper Pontian. This division, however, does not comply with the most recent dating of the Pontian stage in its type area: the Eastern Paratethys [38] . In contrast, it shows more similarity to the lithology-based (not chronostratigraphy-based) subdivision widely used in the neighbouring part of the Pannonian Basin in Hungary (see Figure 2) , where the entire Upper Miocene -Pliocene succession is named Pannonian s.l. sensu lato according to Juhasz et al. [35] .
The deep lacustrine basinal succession is represented by the Endrod and Szolnok Formations. The Endrod Formation consists of hemipelagic marls which are generally characteristic of starved basins, and is overlain by deepwater sands of the Szolnok Formation, usually restricted to the deepest parts of the basin. This thick succession of sediment gravity flows is built up of finegrained sandstones and siltstones with interbedded marls suggesting increased clastic input from the margins as the basin evolved. The Algyo Formation is widespread throughout the basin, represented by argillaceous marls and siltstones with well-developed top-lapped clinoforms characteristic of prograding delta fronts under relative still-stands. The Algyo Formation is overlain by a thick, well-developed sandy succession of the Ujfalu Formation. These sediments were likely deposited in shoreface, delta distributary mouth bar to delta front, delta-plain and coastal plain environments and are represented by sands which are mostly interbedded with siltstones, claystones and marls, as well as locally with lignite beds. These are capped by the fluvial sediments of the Zagyva to Nagyalfóld undifferentiated Formations which consist of channel fill, floodplain, aeolian, and in some cases floodbasin (wetland) sediments.
The sedimentary succession encountered in well X-13 incorporating the Hungarian lithostratigraphic and the seismic stratigraphic nomenclature is presented in Figure 5 .
Attributes of the formations in the Serbian part of Pannonian basin with respect to the tectonic stages observed in the burial history-tectonic subsidence of Well X-5 are shown in Table 1 (Note: the correspondence of the Serbian Lithostratigraphy with the regional stages based upon seismic stratigraphic correlation is further discussed in the following section). The thicknesses of the units range from the Ujfalu which can be more than 1 km thick to, the Szolnok which is the thinnest formation.
The thickness of the Upper Pliocene and Quaternary sediments ranges from 795 meters to 1572 meters, increasing from West to East ( Figure 6 , seismic line 1) and from South to North (Figure 7 , Seismic line 2).
Therefore, the sedimentary record, the burial history, and a limited one well tectonic subsidence analysis from the graben reveal the Northern Banat region of Lake Pannon to have undergone three distinct stages of basin evolution. First, a gentle subsidence open to marine waters, then closure to marine waters accompanying rapid deepening in which the rate of creation of accommodation space was substantially greater than the sediment fill, and then a rapid lacustrine sedimentary fill which generally kept pace with the subsidence. All the while, local stresses apparently perturbed from time to time the tectonic subsidence by providing occasional uplift and erosional events. The significance of this non-uniform burial history upon the sedimentary facies and structural development is next developed. The pick at SP and RT log in Endrod Formation is provided by the increase in carbonate content. This is confirmed by core data which indicate marl sediment in this interval. Note the initial deepening followed by an overall vertical regression as Lake Pannon became increasingly restricted (see text for detailed explanation).
Insight from Seismic Stratigraphy Based Chronostratigraphy
Though one may as a first approximation assess the sedimentary fili and stratigraphy of Northern Banat vertically, much greater information is revealed based from a lateral and temporal geometrical perspective which can be provided by seismic stratigraphy based chronostratigraphy (SSBC). As the validity of seismic stratigraphic interpretation and the subsequent chronostratigraphic interpretation relies upon the validity of the procedure used (which differs greatly from conventional seismic reflector correlation), it is useful to briefly describe the method employed herein (see Appendix I for more detailed descrip- tion). The resolvable seismic sequences (seismic compartments which are separated in time and space) on the two seismic sections were broken out through applying the first four basic "Vail" approach seismic stratigraphic procedures (see Figures 8a, 8b , 9a, 9b) described in Appendix I. With respect to the grouping of these operationally isochronous and genetically related seismic sequences between designated boundaries, while these may under pristine conditions of seismic resolution be equated to parasequence sets, in these data they represented undifferentiated parasequence sets. Age was then determined based upon tying the operational sequence boundaries to the borehole-derived data at the seismic line shotpoints. Subsequently, the chronostratigraphy of these two lines was crafted (Figures 8c and 9c) . While mechanically (the procedure for construction is outlined in Appendix II), SSBC is founded upon the seismic stratigraphic procedure just described, theoretically it is founded upon the principles of faunal correlation of stratigraphy, classically founded by William Smith and which were first graphically presented by the pioneering approach of H.E. Wheeler [39] . The logie of SSBC is based upon the early recognition-of early seismic stratigraphers [40] that reflectors are chronostratigraphically significant and with the absence of relative or absolute dating techniques, rocktime geometries can be extracted from seismic reflector geometries. The utility of using chronostratigraphic charts to provide insight into sequence stratigraphy in elucidating hydrocarbon exploration concepts is well known [41] . For seismic stratigraphy, there are two additional powerful contributions to making such reflection seismic constrained "Wheeler" or SSBC diagrams. The first benefit is explicit. It is to prepare the foundation for the construction of a subsequent relative sea level, coastal onlap, [40] or changes in vertical accommodation space curve. The second benefit is implicit, and perhaps less well known to conventional stratigraphers. To construct a SSBC is to add a rigorous geometrical constraint of geologie time upon a seismic interpretation which will either support the preliminary interpretation, refute, or suggest another interpretation by potentially presenting new ways of viewing problems which might not otherwise be apparent, and for an interpreter of seismic, this particular test is critical. It is the interpretive insight provided by this second feature that we especially utilize in this paper. For the Northern Banat area, Figures 8a, b and 9a , b reveal the seismic information and seismic stratigraphic interpretation of seismic lines S-1 and S-2, respectively. It should be pointed out at the outset that while these are the only two lines made available by Naftagas for publication, these lines are not unique in their subsurface imagery of Northern Banat. Indeed, other lines in the region which are not available exhibit similar geometries and thus these lines should be viewed as the publishable subset of a larger volume. In the Figures, the positions where reflections terminate or point to an upper boundary of a seismic surface (continuous reflectors) are marked with yellow arrows, while the reflection terminations that mark lower boundary are marked with red arrows (Figures 8b, 9b) . It is important to note, that with respect to the chronostratigraphic inference which will result, yellow terminations indicate time transgressions of the upper surface in the opposite direction of the yellow arrows whereas the red terminations indicate time transgressions of baselap in the same directions of the red arrows. When employed systematically, such a procedure facilitates early interpretation of upper and lower reflector terminations into major groupings (upper boundary tangential toplap which might be indistinguishable from more acute angled erosional truncation or lower boundary baselap problems differentiating between downlap from tilted onlap). These packages which are operationally chosen prior to borehole validation (operational seismic sequences) can be later analyzed and differentiated in greater detail, especially if the seismic resolution is high (e.g. that described by Juhasz et al. [35] in the Eastern Pannonian Basin where fourth order parasequence sets may be imaged). However, as mentioned previously, for this study the resolvable mappable packages are largely third order sequences composed of undifferentiated parasequence sets. Seismic horizons which coincided with these operational sequence boundaries (must have two or more terminations of similar or different color) are identified with standard colors for age with the exception of the further divisible Pannonian/Pontian formations. In the chronostratigraphic diagram are marked the lateral positions of erosion and hiatus (Figures 8c, 9c ) which coincide with the horizons marked by the yellow termination arrows on the seismic lines.
On both seismic lines relative fault ages are shown, based upon stratal cross-cutting relationships and the youngest ages of the uppermost fault termination, a basic premise of what may be termed fault mechanical stratigraphy. That is, as sedimentary rocks generally increase in their strength (i.e. bulk modulus, shear modulus) with depth (increasing confining pressure), Steno's law of cross-cutting relationships can be further resolved for faults viewed on seismic by assuming that significant brittle failure of rocks at depth would be in general difficult to occur without the overlying, weaker rocks also fracturing. Conversely, if shallow rocks fail owing to stresses in the upper crust, their action upon the rocks below would be limited. Acknowledging the fore-mentioned problem in determining age using solely lithostratigraphic units which complicates correlation in the Serbian subsurface, the usage of time equivalent reflector boundaries as time surfaces allows one to interpret, correlate, and map these units as operational seismic sequences. Therefore, based upon the practical need as well as the pragmatic utility in interpreting these as operational seismic sequences, these Lithostratigraphic units which extend from adjacent Hungary are introduced as conveniently mappable seismic stratigraphic sequence units into the Serbian part of Pannonian basin ( Table 1) . As shown in Figures 8 and 9 , the overlying Badenian through Endrod sediments yield distinguishable baselap terminations. In addition, from Figure 10 one may now obtain a better perspective of the lateral relationships of the strata and of missing time (lacuna). Now, recall the Stratigraphic Sequence Dilemma: Do these sediments represent upward erosional retreat of a source (e.g. coming from the West), or simple deposition derived from the East? If originating from the West, these sediments would likely represent episodic fans which would thin and fine as they offlapped downslope to the East, but if on a high gradient would provide upward headward erosion exhibited as onlap to the West caused by an allocyclic (regional tectonoeustatic fall in sealevel), onlap accompanying erosional retreat similar to that classically described by Brown and Fisher [42] . If originating from the East, then they would conversely downlap, thin and fine Westward. A key to the interpretation would is the interpretation of the baselap of the T1 and Bd. Is T1 and Bd on Line S-1 exhibiting onlap or downlap? If onlap, it would suggest headward erosional retreat up the flank toward the West. But if originally downlap with basin tilting which would make it look like onlap today, then the provenance is to the East. Clearly, the Badenian through Endrod sediments (West of wells X-6 to X-11) exhibit baselap reflection terminations (observe the red terminations on Seismic Line 1 West of well X-5). For the determination of the initial position of the Triassic sediments it was necessary to conduct a palinspastic analysis of this seismic line. Using software options it is possible to compensate younger tectonics realignment by horizon flattening revealing that the unresolvable Triassic downlap reflection terminations actually originated as onlap terminations. Therefore, on the chronostratigrahic interpretation of Seismic Line 1, the lower boundaries of the Badenian through Endrod sediments will climb to the West and those upper boundaries with yellow terminations pointing westward will climb to the East, e.g. the Algyo, punctuated by episodic nondepositional hiatuses, suggesting an autocyclic (depositional) control. The position of Triassic sediments shown on Seismic Line 2 is especially intriguing. These sediments are present at structure while they are completely missing in the depression in the South and North. This spatial geometry may be explained by intensive geodynamic activity, especially obvious on the North side of Seismic Line 2 where the Pontian and Pliocene sediments greatly thicken in contrast to their drape over the high. Perhaps the flanks were at one time higher than the central portion. Combining the chronostratigraphic and seismic stratigraphic geometrie information gleaned from both Seismic Lines 1 and 2 provides an answer to the Structural Sequence Dilemma. That is, the westward flank of the North Banat graben in Seismic Line 1 must have been steepened with the ensuing uplift of the North Baćka High. Such a structural inversion also provides an explanation to the Stratigraphic Sequence Dilemma: The sediments originated from the East. To do otherwise would have made Badenian an allocyclic response to a relative base level lowering (such as a lowstand systems tract) and the sediments would have fined eastward. But the borehole information along regional Seismic Line 1 (see Figure 6 ) reveals that the Badenian sediments show decreasing energy and clastic input westward as they fine and deepen westward (from East to West: nearby X-6 to X-11 Wellscoarse sandstone; X-5 Well-conglomerate-breccia; X-4 Well-coarse-sandstone-siltstone; X-3 Well-limestone, silty-clayey limestone, sandy limestone, conglomeratelimestone).
Badenian sediments are present in most of the Northern Banat. At the base are either Paleozoic rocks or Triassic sediments while the top is represented by Sarmatian, Pannonian, and Pontian sediments (where Sarmatian is eroded). At the site nearby wells X-17 to X-19, without faunal control it is difficult to disassociate the Badenian from the Sarmatian. This difficulty together with the associated reflections falling below seismic resolution does not allow their seismic interpretation. The lower boundary of the Badenian is represented by onlap, while the upper boundary is represented by toplap and erosional truncation. Except on wells X-6 to X-11 where the Badenian was probably not deposited, these sediments do not exist on well X-2 and X-15 where they were probably eroded. The locus of initial deposition (seismic line 1, Figure 8 ) of Badenian sediments is likely between well X-5 and wells X-6 to X-11 (where they have maximum thickness). At this position, it is assumed the oldest Badenian sediments were dispersed to the East and West. An important influence on the position of these sediments today is the normal fault (with strike slip elements) with lateral translation to the West from wells X-6 to X-11, which moved Badenian sediments downward in relation to the initial position that these sediments had at the time of deposition (Figure 11 ). Seismic Line 2 ( Figure 9 ) suggests Badenian sediments commenced deposition in both the South (Well X-13) and in the North (Wells X-17 to X-19) where they began to onlap the central high.
The Sarmatian sediments are similarly difficult to precisely map owing their thickness being below seismic resolution and to the sparse confirming borehole control. Well-derived data were used for separating these two stratigraphic members. Sarmatian sediments are found in Well X-14, nearby Wells X-17 to X-19 and in some nearby boreholes: Well X-6 to X-11. Underling the base Sarmatian are rocks of Paleozoic and Badenian age, while at the top are Pannonian sediments. In those positions where the Sarmatian sediments are not present either they were not deposited (Figures 8c, 9c ) or can be inferred to have existed prior to their erosion (North side of line S-2). Though the Sarmatian sediments have a wide areal extent, they are some of the thinnest of the Miocene stratigraphic members in Northern Banat owing to their nonuniform erosion. Accompanying the general increase in both vertical and lateral accommodation space as the Northern Banat basin deepened and broadened, Pannonian sediments represented by the Szolnok and Endrod have an increasingly greater areal distribution and thickness than the underlying Badenian and Sarmatian. Indeed, the Pannonian onlaps a variety of strata: Paleozoic rocks, Triassic, and the aforementioned Badenian and Sarmatian sediments. Above the Pannonian frequently lie sediments of the Algyo and Ujfalu Formations (the informal Serbian Lower and Upper Pontian Formations). The lower boundary of the Pannonian shows onlap, while the upper boundary exhibits either toplap or erosional truncation. The Pannonian deposition is interpreted to have initiated in the present lows between the Wells X-5 and X-6 and extended toward the West and East (Seismic Line 1, Figure 8 ) and from Well X-13 and Well X-19 to X-17 to central part (Seismic Line 2, Figure 9 ). The Szolnok was not deposited between Wells X-1 to X-3 and between wells X-6 to X-11 where there are now observable structural highs. In the West-East strike line (Seismic Line 2), the updip nondepositional limit of the Szolnok occurs just west of Well X-14. As the Northern Banat basin continued to subside, the overlying Algyo and Ujfalu sediments which are present on both seismic lines record the Pontian and have the greatest distribution and thickness of all the Miocene sediments. The Pontian is always overlain by Pliocene sediments, suggesting generally uninterrupted continuous sedimentation accompanying the closing of Lake Pannon. Considering the thickness of the Pontian sediments and the apparent substantial influx of sediments at that time, the normal fault which is located West Figures 8c and 9c . From an enhanced perspective of lateral geometry, one may now observe the significantly larger lacuna over the Kikinda Szeged High relative to the North Baćka High, which would be difficult to visualize from solely an examination of the stratigraphy and structure revealed by Seismic Line 1 alone.
of Wells X-6 to X-11 was likely a syngenetic reactivation of an earlier fault. On line Seismic Line 1 (Figure 8) , the Pontian package clearly exhibits sigmoidal internal offlapping reflections which are characteristic of the clinoforms of prograding autocyclic deltaic sediments. These are similar in character to those reported in high resolution seismic of slightly older (7-9 Ma) sediments in the Eastern Pannonian Basin of Hungary by Juhasz et al. [35] .
Such a correspondence in lithologic character but not in time underscores part of the regional stratigraphic problem in the Pannonian Basin. For example, with respect to the Serbian portion of the Pannonian Basin proper, of which the Northern Banat is a geographic if not geologie sub-basin, lithostratigraphic units have not been formally divided as they have in the Hungarian part of Pannonian Basin sedimentary strata [2] . Therefore, in attempting Figure 11 . Enlargement of the fault zone shown on Figure 9 . The vertical fault shown by the discontinuous reflectors at Shotpoint 847 is adjacent to strata which bend down into the fault at 1600 ms and deeper. Such warping is indicative of incipient shortening accompanying tectonic inversion which accompanied the reverse tilting of the North Bačka graben.
to maintain a degree of regional stratigraphic consistency, and yet reconcile the observed mappable operational seismic sequences to formal stratigraphic nomenclature, a similar approach is applied to these Serbian strata, by using stratigraphic correspondence of these operational seismic sequences to the generally accepted formal stratigraphic formations. Therefore, integrating these names with respect to the depositional systems inferred from theses lithofacies, one may say that the Northern Banat basin sediment packages represent overall both a lateral regressive and a vertical relative sea level shallowing basin fill. That is, specific to the sedimentary lithofacies observed, the lower Pannonian Basin formation, the Endrod , and the upper Pannonian Basin formation, the Szolnok have intercalations of sand and silt bodies which can be interpreted as lacustrine basin plain fan deposits, overlain by siltstones of prograding lacustrine distributary mouth bardelta front-prodelta facies (Algyo Formation) on the slope, sands of lacustrine delta plain deposits (Ujfalu ) and finally sands of fluvial-lacustrine-aeolian deposits (Zagyva and Nagyafold Formations). The Pliocene and Quaternary sediments are developed along the entire profile and are characterized by continuous sedimentation and thick sediments. The goal of the paper is primarily an explanation of chronostratigraphic relations in Northern Banat, therefore these correlations are not meant to be formal but rather an initial attempt to characterize coeval regional strata and can be improved if faunal or radiometric borehole data becomes available. One may observe on Seismic Line 2 that although faulted, the Algyo Formation is relatively constant in thickness even over the central structure, while the Ujfalu Formation thins over the structure. In contrast, the chronostratigraphy shows that the Ujfalu Formation time lines are horizontal which flank the central high showing that the high was an antecedent high for Ujfalu Formation deposition. As the Algyo Formation is also constant in chronostratigraphic thickness (time) and is cut by faults of which some appear to continue to the surface, it is evident that the forced-fold uplift of the the Kikinda Szeged High (see Figure 3 ) commenced prior to the deposition of the Ujfalu Formation. Moreover, this would be consistent with the post-Badenian timing of the commencement of the reverse tilting of the graben shown on Seismic Line 1. Knowledge of this timing helps answer the second problem, the Structural Sequence Dilemma, confirming both the inversion and the age of the incipient inversion. That is, the Triassic was either never present or eroded on the north and south flanks of Seismic Line 2, which at one time were possibly higher than the central ridge. Such changes in the development of the North Bačka High relative to the North Banat Graben may be a product of changing local simple shear stress fields associated with the changes in the trajectory of Trans Banat Bačka dislocation. Nonetheless, the presence of the southern basement reverse fault in Seismic Line 2 and the detail of the incipient inversion along the master fault on Seismic Line 1 shown in the enlarged view in Figure 11 indicates that shortening has continued after the Badenian. A schematic model of the proposed evolution of the Northern Backa High versus the Northern Banat graben is shown in Figure 12 .
While discussing the petroleum system aspects of such tectonic events is outside the scope of this paper, it is nonetheless important to note two aspects of these observed geodynamics especially with respect to potential migration pathways. First, with respect to organic source rock maturation, if the maturation is pre-Algyo Formation time, then hydrocarbon migration pathways based upon the present structure would be invalid. Instead, it would be appropriate to make structure maps for up-dip migrations based upon palinspastically restored cross-sections. Second, depending upon the fault plane permeabilities, migration and pooling of hydrocarbons would be either down-dip of faults (if impermeable) or up-dip of faults (if permeable).
Conclusions
Incorporation of previously unpublished seismic reflection lines with borehole data provides new information on the evolution of the Northern Banat region of the Pannonian Basin. Integrating the findings allows the construction of a Seismic Stratigraphy Based Chronostratigraphic (SSBC) analysis which can assist in the evaluation of stratigraphic and structural evolution problems by adding a stratigraphic geometrical constraint to the geovalidation of seismic line seismic stratigraphic interpretations.
In order to reconcile some of the issues of stratigraphic uncertainty regarding the time transgressive nature of the principal lithostratigraphic names used regionally, by combining reflector geometries with time line geometries, the SSBC charts allow the determination and stratigraphic evaluation of the relative ages of deposition for the Miocene, Pliocene and Quaternary sediments, as well as the sedimentation breaks and their origins. Though there exist problems in the precise time determination of the principal lithostratigraphic units, using seismic stratigraphy the interpreted seismic operational sequences can be conveniently and practically correlated as approximately coeval Hungarian lithostratigraphic units. Through examination of the burial history, tectonic subsidence analysis, seismic stratigraphy, and SSBC analysis, three distinct stages of basin evolution are revealed. Using seismically mappable lithostratigraphic units, one may describe Northern Banat as beginning first with a gentle subsidence open to marine waters (Badenian and Sarmatian Formations), then isolation from marine waters with rapid deepening in which the rate of creation of accommodation space was substantially greater than the sediment fill (Endrod Formation) followed by a rapid sedimentary fill which generally kept pace with the subsidence as Lake Pannon fully developed (Szolnok, Algyo, Ujfalu , and Zagyva Formations). Finally, the Pliocene Nagyalfóld Formation capped the basin. All the while, local tectonic stresses apparently perturbed from time to time the basin subsidence by providing occasional uplift and erosional events.
Chronostratigraphic analysis reveals that the North Banat area has undergone structural inversion which initiated in pre-Ujfalu time and changed the apparent tilt of the western graben. Major faults today reveal incipient shortening. Therefore, the Badenian through Endrod sediments in the graben represent largely an autocyclic progradation from the east to the west which was later tilted eastward owing to changes in local stress fields possibly associated with the development of the Trans Banat fault. Until more boreholes are drilled which can link the surface to the subsurface, and until regional 3D reflection seismic is acquired, uncertainty remains concerning the accurate ages of these seismically defined packages as well as their coupled tectonic-sedimentologic evolution, and importantly, the remaining unexplored hydrocarbon potential of the Northern Banat region of the Pannonian Basin.
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Appendix I: The Seismic Stratigraphic Algorithm
The underlying theory and operational scheme for seismic stratigraphy was first espoused by Peter Vail and his Exxon colleagues and published in the seminal publication, AAPG Memoir 26 [40] . Since that time, the procedure has revolutionized seismic interpretation, generated healthy discussion, and provided an important basis which along with genetic stratigraphy [43] has created the science of sequence stratigraphy. Based upon their early foundation (Payton Ibid), one may describe the rationale and underlying procedure in the following way. The first premise is that depositional bedding planes and unconformities have time significance, separating older rocks from younger rocks which overlie them, or simply the principle of superposition of Nicholas Steno. The second premise is that the phase of seismic reflectors, not the amplitudes, represent the acoustic tuning composites of bedding planes or unconformities. This aspect is fundamental to the premise. For example, the interpretive phase tends to follow Walter's Law (described by Middleton [44] ) and not necessarily gross changes in lithologies, e.g. reflectors of a prograding delta tend to follow the clinoforms irrespective of the horizontal lithofacies and accompanying acoustic changes. Therefore, these two premises support the logic of the ensuing proposition that the reflectors are chronostratigraphically significant and with the absence of relative or absolute dating techniques, rock-time geometries can be extracted from seismic reflector geometries. Though practitioners within the petroleum industry commonly differ in their ultimate objectives to those incorporated in the non-applied fields, the procedures for the seismic stratigraphic algorithm include these main points:
Option A Exploration (paucity of borehole control), the "Vail" approach.
1A Commence with representative seismic line which has more than one potential energy staging surface (along depositonal dip).
2A Interpret faults and their mechanical stratigraphy, reflector terminations, and operational seismic sequences (seismically interpreted packages of reflectors with operationally observable terminations at their upper and lower boundaries and thus geologically representing genetically related strata with isochronous bedding planes; in the sequence hierarchy, these are most commonly parasequence sets).
3A Tie with other similarly interpreted seismic lines.
4A Constrain with boreholes.
Option B Development (abundance of borehole control), the "Galloway" approach.
1B Commence with borehole information (petrophysical log and/or core).
2B Interpret motifs, interpret parasequence sets, break out sequence hierarchical systems.
3B
Correlate to other similarly intepreted boreholes.
4B Constrain with seismic.
5 Construct chronostratigraphic chart.
6 Designate vertical accommodation space packages (coastal onlap or eustatic curve revealing highstand, lowstand, and transgressive systems tracts).
7 Designate seismic facies and horizontal accommodation space packages (stationary shore-lines, transgression, or regression).
8 Interpret paleoenvironments.
9 Select targeted unit/s.
10 Make three dimensional and maps through geologic time: e.g. structure, isopachs, interpreted paleoenvironments, etc.
11 Conduct wavelet analysis, analyze attributes, etc. for anomalies.
12 Conduct geohistory analysis.
13 Designate leads/prospects.
14 Risk assessment.
A theoretical example of the application of steps 1-4 of option one is shown in the Figure 13 . with reference to the seismic stratigraphic interpretation, the chronostratigraphic boundaries grow in the direction of the baselap termination red arrows but opposite to the upper boundary strata termination yellow arrows. Those packages of strata or events which are inferred are shaded in light blue. Note the explicit information regarding the geometry of time and the types of information in the lacuna. What is not shown would be the implicit testing of the seismic interpretation that would be performed during the SSBC construction. To determine the age of the major unconformity, one would invoke "Sloss's Rule" (personal communication to JDP from L.L.Sloss in 1978). That is, by walking the unconformity out into the basin, where it heals (the youngest age) generally would be the unconformity's age. In this example, using the inferred ages from the chronostratigraphic interpretation, the age would be around 45 Ma, coincidentally the approximate age of the faulted central graben.
As subsequent byproducts
i Numerical division of the vertical time axis by the corresponding vertical depth axis reveals sediment accumulation rates.
ii Graphical comparison of the vertical axis of the SSBC with the depth converted vertical axis of the seismic line allows the construction of a vertical accommodation space curve ("Relative Sea Level Curve").
iii The tying of two or more independently constructed orthogonal chronostratigraphic sections can serve as checks on the interpretation.
An example of such a theoretical application of the SSBC is shown in Figure 14 which illustrates the procedure adopted for the interpretation of Figures 8 and 9 of Seismic Line 1 and Seismic Line 2 and their corresponding SSBC analyses.
